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Received April 30, 2011 . Accepted October 13, 2011 . Available online October 28, 2011 . Published November 28, 2011 Colorectal carcinoma (CRC) is the third most common malignant neoplasm worldwide and the second leading cause of cancer-related deaths (1) . Despite recent advances in diagnostic and therapeutic measures, the prognosis of colorectal cancer patients remains poor. Although significant progress has been made in defining the molecular mechanisms of CRC development, the specific molecular regulation pathways involved in CRC progression are still largely unknown. In order to develop new therapeutic strategies, it is critical to understand the mechanism of progression of CRC.
It is well known that all tumors undergo neovascularization, or angiogenesis, in order to acquire nutrients for continuing growth and metastatic spread. Not surprisingly, angiogenesis is a complex multistage process and is regulated by the balance between angiogenic and angiostatic factors (2) . Recently, more studies have shown that signaling transduction and activation of transcription 3 (STAT3), a key signaling transduction protein and an oncoprotein, appears to play a central role in modulating angiogenesis in various cancers including melanoma, breast cancer, gastric cancer, and hepatocellular carcinoma (3) (4) (5) (6) .
The STAT3 protein was originally discovered as a latent cytoplasmic transcription factor in response to extracellular signaling proteins, especially cytokines and growth factors. Upon activation, STAT3 protein is phosphorylated on a tyrosine residue, leading to the formation of homo-or heterodimers and translocation to the nucleus, where it activates transcription of the target genes of proliferation, anti-apoptosis, or cell cycle progression by binding directly to high-affinity DNA binding sites or by associating with other transcription factors. In addition to its diverse biological functions involved in cell proliferation, differentiation, apoptosis, inflammation, and oncogenesis, accumulating evidence suggests that STAT3 also plays an important role in angiogenesis in both physiological and pathological situations (7) (8) (9) (10) (11) (12) (13) . Several studies have reported that STAT3 directly regulates vascular endothelial growth factor A (VEGFA) expression to induce tumor angiogenesis in breast cancer, gastric cancer and hepatocellular carcinoma (4, 5, 14) . In pancreatic cancer, STAT3-targeting RNA interference (RNAi) inhibits angiogenesis by suppressing the expression of matrix metalloproteinase-2 (MMP2) (15) . In human melanoma brain metastases, activated STAT3 contributes to tumor angiogenesis by regulating the expression of basic fibroblast growth factor (FGF2) (3). These results indicate that STAT3 signaling interferes with the process of angiogenesis in various cancers through different mechanisms.
Recent studies have shown that STAT3 was constitutively activated in CRC cell lines (16) . Suppression of STAT3 expression by small interfering RNA (siRNA) inhibited cell invasion ability and induced anoikis in CRC cells (17) . Clinical data also showed that in colorectal adenocarcinoma, the phospho-Tyr-STAT3 (p-STAT3) level was significantly correlated with the depth of tumor invasion, venous invasion, lymph node metastasis, and increasing stages of the Dukes' classification (18, 19) . Taken together, these findings demonstrate that the STAT3 pathway plays a critical role in the progression of CRC (20) (21) (22) . However, it is unknown whether STAT3 signaling contributes to angiogenesis in CRC.
In the present study, we investigated the possible mechanism of STAT3 signaling and its effect on angiogenesis in CRC after inhibiting STAT3 expression with lentivirusmediated short hairpin RNA (shRNA).
Material and Methods

Material
The HT-29 and 293T cell lines were purchased from the Institute of Biochemistry and Cell Biology, Shanghai Institute for Biological Sciences, Chinese Academy of Science. Fifteen syngeneic female BALB/c nude mice (6 weeks old) were provided by the Animal Center Laboratory of Soochow University and were housed under specific-pathogen-free conditions. The use of animals in this study was approved by the Animal Ethics Committee of Soochow University and the protocol of animal treatment was approved by the Institutional Animal Care and Use Committee.
PRMI-1640 was purchased from Invitrogen (USA); fetal bovine serum was purchased from Hyclone (USA); trypsin was purchased from Sigma (USA); pRNAT-U6.2/Lenti lentivirus vector and packaging system (pMD1g-pRRE, pRsv-REV and pMD2G) were purchased from Invitrogen; Trizol reagent and lipofectamine 2000 were purchased from Invitrogen; oligo(dT), RNase inhibitor, Taq Dnase, dNTP mixture (10 mM), 10X PCR buffer and MgCl 2 (25 mM) were purchased from Promega (China); M-MLV reverse transcriptase and SYBR Green Real-Time PCR Master Mix kit were purchased from Toyobo (Japan); Nuclear-Cytosol Extraction Kit was purchased from KeyGen Biotech (China); STAT3, p-STAT3, VEGFA, MMP2, FGF2, and GAPDH antibodies were purchased from Santa Cruz (USA); CD34 antibody, goat anti-rabbit IgG-horseradish peroxidase, and antigen-removing solution of sodium citrate were purchased from Boshide (China).
Construction of the recombinant lentivirus vector pRNAT-shSTAT3 and preparation of recombinant lentiviruses
According to a previous screening study (23), we chose the site 2092-2112 of STAT3 (GeneBank accession No. NM_003150) as the target site of RNAi. The STAT3 hairpin oligos were synthesized (Invitrogen) and annealed. The sense was 5'-GATCCCGTCTTACCGCTG ATGTCCTTCTTTGATATCCGAGAAGGACATCAGCGG TAAGATTTTTTCCAAC-3' and the anti-sense was 5'-GTT GGAAAAAATCTTACCGCTGATGTCCTTCTCGGATATC AAAGAAGGACATCAGCGGTAAGACGGGATC-3'). A nontargeting shRNA unrelated to human gene sequences was used as a negative control. The DNA fragments corresponding to the target gene were amplified by PCR. The up (+) position is a BamHI restriction site and the down (-) position is an XhoI restriction site. The PCR product and pRNAT-U6.2/Lenti lentivirus vector driven by the U6 promoter and carrying the reporter gene, enhanced green fluorescence protein (GFP), were mixed together and digested with BamHI and XhoI. A T4 ligase reaction system was used to connect the appropriately digested oligonucleotide and expression vector in recombinant clone ligation buffer. Competent DH5α cells were transformed with the ligated products and allowed to grow in culture. The correct positive clones were confirmed by sequencing analysis (Shanghai Invitrogen, Co., China).
The recombinant lentiviruses were produced by transient transfection of 293T cells according to standard protocols (24) . Briefly, subconfluent 293T cells on 10-cm plates were cotransfected with 20 μg of a plasmid vector, 15 μg pMD1g-pRRE, 10 μg pRsv-REV, and 7.5 μg pMD2G by calcium phosphate precipitation. After 16 h the medium was changed, and recombinant lentiviruses were harvested 24 h later.
Transduction with recombinant lentiviruses and generation of stable cell lines
For transduction, HT-29 cells were plated onto a 3.5-cm dish and allowed to adhere for 16 h. 
Quantitative real-time PCR
Total RNA was extracted from cells of each group (HT-29, HT-29-GFP and HT-29-shSTAT3) using Trizol reagent according to manufacturer instructions. Two micrograms RNA was reverse transcribed in a 20-μL reaction solution containing 10 U M-MLV reverse transcriptase and 0.5 µg oligo(dT) primer. Quantitative real-time PCR, using SYBR Green Real-Time PCR Master Mix kit, was performed according to the manufacturer protocol. The STAT3 gene was amplified using specific oligonucleotide primers and the housekeeping gene GAPDH was used as the internal standard. The sequences of the STAT3 primers were sense 5'-GAGGACTGAGCATCGAGCA-3', antisense 5'-CATGTGATCTGACACCCTGAA-3', and the size of the products was 85 bp. The sequences of the GAPDH primers were sense 5'-ACTCCTCCACCTTTGACGC-3', antisense 5'-CTCTTCCTCTTGTGCTCTTGC-3', and the size of the products was 180 bp. The data were quantified by the 2-DDCT method. All analyses were performed in triplicate.
Western blot analysis
Cell lysates were prepared with the Nuclear-Cytosol Extraction Kit, proteins were partially separated by 10% SDS-PAGE and blotted onto a membrane. After blocking at 37°C in 5% milk in phosphate-buffered saline (PBS) containing 0.1% Tween 20 for 2 h, membranes were incubated with primary antibody against STAT3,p-STAT3 and GAPDH at 4°C overnight. After extensive washing, immunocomplexes were detected with HRP-conjugated secondary antibodies at room temperature. An enhanced chemiluminescence kit was used for detection. The amount of GAPDH detected was used as a normalization control for protein loading.
Cell proliferation assay and cell cycle analysis
Cells were plated onto 96-well microwell plates at a density of 1000 cells/well. Cell proliferation was determined by the MTT assay to count cells at 570 nm absorbance (A 570 ) on a multiwell plate reader. For cell cycle analysis, cells were harvested and stained with propidium iodide to analyze DNA content by flow cytometry.
In vivo experiments
Six-week-old syngeneic female BALB/c nude mice were randomly divided into three groups: HT-29, HT-29-GFP, and HT-29-shSTAT3 (5 mice per group). Cells were suspended in PBS and 1 x 10 7 cells were injected subcutaneously into the right back of the mice. Tumor size was calculated every 5 days using the simplified formula (L x W 2 x 0.5). On day 30, all mice were killed and tumor tissue was removed for further study.
Histopathological and immunohistochemical examination
Tissues were fixed in 10% neutral formalin, embedded in paraffin and cut into 5-µm thick sections. Hematoxylin and eosin (HE) staining was performed for histopathological analysis. In addition, 5-µm thick sections of formalin-fixed, paraffin-embedded specimens were stained with anti-CD34 antibodies (1:100) according to the manufacturer protocol for immunohistopathological analysis. Microvessel density (MVD) in the tumor samples was determined by the method of Weidner (25) . The immunostained sections were scanned at low magnification (40X) and the tumor area with the highest density of distinctly highlighted microvessels ("hot spot") was selected. MVD was then determined in the hot spot by counting all vessels at 200X magnification, and the mean of the counts for three fields was calculated. Large vessels with thick muscular walls were excluded from the counts, and vessel lumens were not necessary for a structure to be defined as a vessel.
Quantitative real-time PCR and Western blot analysis
Tumor RNA of each of the 5 nude mice in each group was isolated and taken for quantitative real-time PCR of VEGFA, MMP2 and FGF2. The expression of the housekeeping gene GAPDH was used as an internal standard. The real-time PCR primer sequences are shown in Table 1 . Similarly, tumor tissue protein was exacted and subjected to Western blot analysis of VEGFA, MMP2 and FGF2 according to manufacturer instructions. 
Statistical analysis
The statistical significance of the means was calculated by one-way ANOVA, followed by the Student-NewmanKeuls test for multiple comparisons. P < 0.05 was required for statistical significance. All computations were carried out using the SPSS13.0 statistical program.
Results
Creation of stable cell lines and inhibition of the expression and activity of STAT3 by STAT3 shRNA in HT-29-shSTAT3 cells
The recombinant lentivirus vector was successfully constructed and confirmed by DNA sequencing. After the recombinant lentivirus vector was packaged in 293T cells, recombinant lentiviruses were obtained in the supernatant at a titer of 2 x 10 7 TU/mL. After being infected with the recombinant lentiviruses carrying the reporter gene GFP, the (Figure 2A) . Consistently, as shown in Figure 2B , the expression of STAT3 protein in HT-29-shSTAT3 cells was down-regulated compared to HT-29-GFP and HT-29 cells.
To determine the levels of p-STAT3 protein, we performed Western blot analysis using antibodies against p-STAT3. As shown in Figure 2B , p-STAT3 was also markedly de- creased in HT-29-shSTAT3 cells after STAT3 silencing by RNAi. This indicated that STAT3 shRNA reduced not only the steady-state levels of total STAT3 protein, but also the levels of tyrosine-phosphorylated STAT3 protein in HT-29-shSTAT3 cells.
STAT3 shRNA inhibited cell growth and induced G 0 /G 1 arrest
To determine whether STAT3 down-regulated by RNAi had an inhibitory effect on HT-29 cell growth, cell proliferation rate was determined by MTT assay. As shown in Figure  3A , inhibition of STAT3 expression by RNAi suppressed the growth of HT-29-shSTAT3 cells. Cell cycle analysis ( Figure  3B) showed that the proportion of G 0 /G 1 of HT-29 cells and HT-29-GFP cells was 38.65 ± 2.33 and 38.48 ± 1.63%, respectively. The proportion of G 0 /G 1 of HT-29-shSTAT3 cells was 68.73 ± 2.88%, significantly increased compared to HT-29-GFP and HT-29 cells (P < 0.01).
Therapeutic effect on tumor-bearing nude mice
In nude mice, HT-29 and HT-29-GFP cells rapidly formed tumors after injection. However, tumors grew slowly in the HT-29-shSTAT3 nude mouse group, with a smaller size than those in the HT-29 and HT-29-GFP groups from day 15 after inoculation (P < 0.05). From day 25 after injection there was a very significant difference (P < 0.01). Although the average tumor size in the HT-29-GFP group was smaller than that in the HT-29 group, the difference was not significant (Figure 4) .
Effect of STAT3 suppression on histopathology and immunohistochemistry
HE-stained sections were examined under a light microscope ( Figure 5 ). In the HT-29 and HT-29-GFP groups there were many heterokaryocytes and blood vessels. The MVD of the two groups was 28.73 ± 5.11 and 27.60 ± 4.27, respectively ( Figure 5 ). In contrast, in the HT-29-shSTAT3 group there were few blood vessels, with an MVD of 9.80 
Expression of VEGFA, MMP2 and FGF2 in tumors
The mRNA expression of VEGFA, MMP2 and FGF2 in tumors was analyzed by quantitative real-time PCR ( Figure  6A ). The protein level of the target genes was determined by Western blot analysis ( Figure 6B ). In the HT-29-shRNA group, the mRNA and protein levels of VEGFA and MMP2 were significantly lower compared to the HT-29 and HT-29-GFP groups (P < 0.05), but no significant change was observed in the mRNA or protein level of FGF2 among these three groups (P > 0.05). In A and B, there were many heterokaryocytes and blood vessels. However, in C there were few blood vessels. D, E, and F, CD34 immunohistochemical analysis in the three groups, respectively. In D and E, microvessel density was higher than in F. Magnification bars: 50 µm.
Discussion
STAT family proteins were originally identified as key components of cytokine signaling pathways that regulate gene expression (26) . Among the 7 members of the mammalian STAT family, STAT3 is the one most strongly implicated in oncogenesis (27) . Many studies have suggested that persistently activated STAT3 participates in oncogenesis through disregulation of genes encoding the antiapoptotic proteins bcl-xL, mcl-1, and bcl-2, as well as the proliferation-associated proteins cyclin D1 and c-Myc (28) (29) (30) . In addition, STAT3 is able to regulate the innate and adaptive immune responses during cancer development (31) . Recently, the constitutively activated STAT3 has been reported to induce tumor angiogenesis in various cancers including melanoma, breast cancer, gastric cancer, and hepatocellular carcinoma (3) (4) (5) (6) . It is not known if STAT3 signaling contributes to angiogenesis in CRC.
In order to investigate the possible mechanism of STAT3 signaling and its effect on angiogenesis in CRC after inhibiting STAT3 expression, we first constructed the HT-29-shSTAT3 cell line successfully by lentivirus-mediated RNAi. The siRNA can be used effectively in vitro and in vivo to suppress gene expression in eukaryotic cells (32) , but the inhibitory effect of siRNAs on target gene expression only lasts a few days. Recently, investigators have learned that a lentivirus vector can integrate stably into the chromosomes of their target cells, a likely requisite for long-term expression, and transduce nondividing cells. Thus, lentivirus vector-mediated siRNA can inhibit target gene expression for a long time. Therefore, a lentivirus siRNA vector is an attractive tool, which can inhibit gene expression with high efficiency and has become a new tool for human gene therapy. Our data demonstrate that the rate of lentivirus vector transfected to HT-29 cells was 85%. Accumulating evidence has demonstrated that STAT3 plays an important role in cell proliferation of some cancers (33) . The mechanism by which STAT3 participates in cell proliferation is based on induction of cell cycle genes, such as cyclin D1, c-Myc, etc. Both cyclin D1 and c-Myc respond to mitogenic signaling and are required for progression of cells from the G 1 to the S phase of the cell cycle. Here, in order to determine whether STAT3 regulated HT-29 cell proliferation, the cell growth rate and cell cycle of HT-29-shSTAT3 cells were analyzed. The results showed that down-regulation of STAT3 also inhibited the growth of HT-29-shSTAT3 cells and induced G 0 /G 1 arrest of these cells. In addition, the present in vivo study showed that tumors in the HT-29-shSTAT3 group grew slowly, with a smaller size than in the HT-29 and HT-29-GFP groups. This clearly indicated that STAT3 signaling had an important effect on tumor growth in CRC-bearing nude mice.
For tumor growth, angiogenesis is essential and important, a process that involves endothelial cell proliferation, selective degradation of the basement membrane and the surrounding extracellular matrix, endothelial cell migration, and the formation of a tubular structure. Malignant tumors depend on capillary proliferation to maintain the oxygen and nutrient supply for their continuous growth. Numerous lines of evidence have shown that angiogenesis, as quantitated according to MVD, which can reflect the status of angiogenesis in tumor tissue, plays a significant clinicopathologic role in cancer patients (34, 35) . In CRC, MVD is an important, highly significant and accurate prognostic factor (36, 37) . The MVD method, i.e., counting microvessels in hot spots, has been the preferred method (25) . In order to count microvessels, visualization of endothelial cells by antibodies specifically targeting them is essential. At present, CD34, CD31 and factor VIII are the antibodies most commonly used for this purpose. In the present study, the results of CD34 immunohistochemistry showed that MVD was significantly lower in the HT-29-shSTAT3 groups than in the other two groups, implying that STAT3 signaling has an important effect on angiogenesis in CRC. Angiogenesis is a complex multistage process and is regulated by the balance between many stimulatory and inhibitory factors. In CRC, studies have shown that some proangiogenic factors, such as VEGFA, MMP2 and FGF2, play important roles in angiogenesis (37) (38) (39) . In breast cancer, gastric cancer and hepatocellular carcinoma, STAT3 signaling controls VEGFA expression (4, 5, 14) . In pancreatic cancer, STAT3 signaling regulates the expression of MMP2 (15) , and in human melanoma brain metastases, activated Stat3 regulates the expression of FGF2 (3). These results demonstrate that constitutive STAT3 signaling contributes to tumor angiogenesis through multiple mechanisms. In order to probe the possible mechanism of the STAT3 signaling pathway underlying angiogenesis in CRC, we determined the expressions of VEGFA, MMP2 and FGF2. The result of quantitative realtime PCR analysis and Western blot assay showed that the expression of VEGFA and MMP2 was significantly downregulated in xenografts originating from HT-29-shSTAT3 cells. That is, down-regulated STAT3 signaling caused a significantly decreased expression of VEGFA and MMP2 in CRC. However, it was surprising that there was no significant difference in FGF2 expression among these three groups. On the basis of these data, we speculate that STAT3 signaling activates and promotes angiogenesis by regulating VEGFA and MMP2 expression in CRC. It is highly possible that STAT3 activation is a common signal regulating VEGFA and MMP2 expression, and VEGFA and MMP2 are the downstream target molecules of STAT3 signaling in CRC. In contrast, FGF2 may not participate in the STAT3 signaling pathway in CRC.
Our findings show that STAT3 signaling plays an important role in HT-29 cell growth. STAT3 targeting shRNA can remarkably silence the expression of the gene STAT3 in HT-29 cells, resulting in inhibition of cell growth and cell cycle arrest at the G 0 /G 1 phase. In nude mice, STAT3 signaling is important for the growth of CRC and can promote angiogenesis by regulating VEGFA and MMP2 expression. These studies suggest that targeting STAT3 signaling can be an important approach to the control of tumor growth and angiogenesis in CRC.
